Robust detection of 3D seismic discontinuity is vital to the delineation of structural and stratigraphic features including faults, fractures and channels in the subsurface, and it is therefore important to develop efficient discontinuitydetection algorithms. The previous methods are limited by the low lateral resolution, especially for subtle boundaries from strong seismic reflectors. To resolve this limitation, we propose implementing gray-level transformation and Canny edge detection in the workflow for discontinuity detection. The transformation allows us to amplify subtle local discontinuities in the presence of strong background reflections, leading to an enhanced image for subtle faults and depositional features. We apply the new discontinuitydetection method to two seismic data sets -a channel system from the Stratton field of South Texas and a fractured reservoir from the Netherlands North Sea, and the results are compared with those obtained from the amplitude-gradient and the semblance-based coherence schemes. Comparison demonstrates that our new algorithm is superior to previous discontinuity-detection methods with an enhanced resolution and visibility for channels and faults.
Introduction
Recognizing subsurface structural and stratigraphic discontinuities is crucial in seismic exploration, and effective discontinuity detector is a useful tool for highlighting the boundaries of fault blocks, stratigraphic units, and hydrocarbon reservoirs. In 3D seismic interpretation, changes in seismic amplitude are often used as an indicator of local seismic discontinuities. Several methods exist for evaluating amplitude changes to image discontinuities such as faults and channels. For example, in 1996, Luo et al. proposed to compute amplitude gradient as a discontinuity attribute to aid the interpretation of faults and stratigraphic boundaries. Marfurt et al. (1998) present a semblance-based algorithm to enhance robustness of coherence attribute. Basically, both schemes consist of 2 steps: first, to retrieve seismic amplitude within a spatial analysis window centered about a given sample location; second, to perform edge detection on the retrieved seismicamplitude data, using the simplified Sobel operator for the amplitude-gradient algorithm and the mean operator for the semblance-based coherence algorithm. These traditional discontinuity-detection methods normalize amplitude gradient or coherence by the intensity of local seismic reflections within the analysis window, so that the generated attribute cubes can have an enhanced vertical resolution on discontinuities existing in weak seismic reflectors. However, for strong reflections, using the high reflection energy as the denominator tends to underestimate discontinuity attribute values, and the lateral resolution is limited for subtle faults and stratigraphic boundaries associated with strong reflectors.
We use the 3D seismic data from the Stratton field in South Texas as an example to demonstrate the limitation in lateral resolution. The shallow unit in this area is dominated by a The amplitude-gradient slice generated from the amplitude-gradient scheme (Luo et Gray-level transformation and Canny detection for discontinuity enhancement clastic depositional system with channels. A east-west meandering channel is clearly depicted by the time slice at 843 ms ( Figure 1a ). Figure 1b shows the amplitudegradient map computed with the amplitude-gradient scheme (Luo et al., 1996) , and Figure 1c shows the coherence map computed with the semblance-based scheme (Marfurt et al., 1998) . The western portion of the channel is well delineated by both methods; however, channel boundaries become difficult to define in the east (denoted by arrows), where seismic amplitude does not change as sharply as that in the western portion but the reflection intensity remains almost the same.
New methodology
In order to avoid underestimating amplitude changes in the presence of strong background reflections, we propose implementing a gray-level transformation. The transformation uses level N and level -N to represent the maximum and the minimum of local seismic amplitude within a spatial analysis window, respectively; and the difference between the maximum amplitude and the minimum amplitude is evenly divided into 2*N intervals. The gray-level transformation is performed using the following equation.
where denotes the input seismic-amplitude data retrieved within a spatial window; denotes the output gray-level data. ( ) denotes the interval between two adjacent gray levels. ( ) and ( ) denote the maximum amplitude and the minimum amplitude, respectively. In Figure 2 , for example, we demonstrate the gray-level transformation with 5 levels (N=2). After applying the gray-level transformation, we notice that local seismic features are re-characterized and amplitude changes associated with subtle faults and depositional boundaries are enhanced. Our experiments indicate that a good approximation of local features can be achieved when the transformation consists of 11 gray levels (N=5) or more.
Then, an efficient edge detector is also crucial in robust detection and characterization of seismic discontinuities.
Studies in image processing have demonstrated that the Canny edge detector (Canny, 1986 ) is more efficient for capturing edges in a digital image. As shown in Figure 3 , the Canny edge detectors in inline (x-) and crossline (y-) directions are evaluated as the partial derivatives of the Gaussian filter in x-and y-directions, respectively. Specifically, the inline Canny detector is and the crossline Canny detector is where denotes the Gaussian filter, in which is the standard deviation.
( )
Integrating the gray-level transformation and the Canny edge detection leads to our workflow with 3 steps: first, to retrieve seismic-amplitude data within a spatial analysis window centered about the given sample; second, to compute the gray-level data by processing the retrieved data with the gray-level transformation; finally, to perform the Canny edge detection on the generated graylevel data .
Results
Our discontinuity-detection workflow is used to re-generate the 3D seismic discontinuity-attribute cube from the seismic volume over the Stratton field of South Texas. Figure 4 shows the attribute slice corresponding to the Figure 1a , generated from the new workflow. same time slice show in Figure 1a . Comparisons of Figure  4 to Figure 1b from the amplitude-gradient method and Figure 1c from the semblance-based coherence method demonstrate the added value of gray-level transformation and Canny edge detection in effectively delineating the eastern portion of the meandering channel (denoted by arrows), without causing any distortion or exaggeration of the channel expression in the west. Such exaggeration often happens if we simply increase the color contrast in Figure  1b or 1c for highlighting the subtle channel boundaries in the east.
In addition to stratigraphic features, faults and fractures are also better defined by using the proposed workflow. Figure  5 displays the time slice at 1800 ms, demonstrating a salt dome and associated faults over the Netherlands North Sea. For comparison, we show the amplitude-gradient slice from the amplitude-gradient scheme (Luo et al., 1996) in Figure  6a , the coherence slice from the semblance-based scheme (Marfurt et al., 1998) in Figure 6b , and the attribute slice from our new discontinuity-detection scheme in Figure 6c . We recognize more faults parallel to bedding (denoted by arrows) after processing the amplitude volume using our new algorithm. Additionally, margin of the salt dome is better imaged, and the enhanced resolution at the dome margin helps interpret the salt-related structures better (denoted by dotted curve). Perspective chair displays of discontinuity attributes, along with a seismic line, further demonstrate the advantages of the new workflow ( Figure  7c ) over conventional schemes (Figure 7a, b) .
Conclusions
This study proposes implementing a gray-level transformation and the Canny edge detection algorithm in the workflow for discontinuity detection. In particular, the gray-level transformation highlights seismic discontinuities in the presence of strong background reflections, and the Canny edge detection helps evaluate the amplitude changes associated with discontinuities. The added value of our algorithm is verified through applications to two seismic datasets -a channel system in the Stratton field of South Texas and a fractured reservoir in the Netherlands North Sea. Compared to the amplitude-gradient and the semblance-based coherence schemes, the new algorithm produces a better image of faults, fractures, and channels in the subsurface. : Discontinuity-attribute slices corresponding to the time slice at 1800 ms shown in Figure 5 , generated from different methods. (a) The amplitude-gradient scheme (Luo et al., 1996) . (b) The semblance-based coherence scheme (Marfurt et al., 1998 
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